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ABSTRACT
We present an analysis of K2 short cadence data of 34 M dwarfs which have spectral
types in the range M0 - L1. Of these stars, 31 showed flares with a duration between
∼10–90 min. Using distances obtained from Gaia DR2 parallaxes, we determined the
energy of the flares to be in the range ∼ 1.2 × 1029 − 6 × 1034 erg. In agreement with
previous studies we find rapidly rotating stars tend to show more flares, with evidence
for a decline in activity in stars with rotation periods longer than ∼10 days. The
rotational modulation seen in M dwarf stars is widely considered to result from a
starspot which rotates in and out of view. Flux minimum is therefore the rotation
phase where we view the main starspot close to the stellar disk center. Surprisingly,
having determined the rotational phase of each flare in our study we find none show
any preference for rotational phase. We outline three scenarios which could account
for this unexpected finding. The relationship between rotation phase and flare rate
will be explored further using data from wide surveys such as NGTS and TESS.
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1 INTRODUCTION
M dwarfs make up 70% of the stars in the solar neighbour-
hood. They are small, cool main sequence stars with tem-
peratures in the range of 2400 - 3800 K and radius between
0.20 - 0.63 R(Gershberg 2005). For stars with spectral type
later than M4 it is thought their interiors are fully convec-
tive (Hawley et al. 2014). However, since these stars have
no tachocline (a boundary zone between the radiative and
convective zones) the star would not be expected to have
a significant magnetic field if it was generated in the same
manner as in the Sun. Some late M dwarfs do show strong
flaring activity, highlighting a lack of understanding regard-
ing the origins of their activity.
Over the years several models have been developed to
account for the presence of a magnetic field in stars which
are fully convective. Durney et al. (1993) propose a dynamo
generated by a turbulent velocity field causing the gener-
ation of chaotic magnetic fields. Chabrier & Ku¨ker (2006)
explore the possibility of an α2 dynamo which can generate
large scale magnetic fields. However, this question still re-
mains unresolved and the mechanism for producing a long
lived magnetic field in late-type M dwarfs is still unknown.
One method of probing the magnetic field in these late-
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type stars is to investigate flares using them as a proxy for
magnetic activity. In the case of well observed solar flares
the correlation between magnetic field in active regions is
very clear (Fletcher et al. 2011). Stellar flares are a phe-
nomena which have been studied for a century. Some of
the first detailed optical observations of stellar flares on M
dwarfs were made by Bopp & Moffett (1973) and Gershberg
& Shakhovskaya (1983). Amongst the first X-ray observa-
tions of stellar flares were made by Heise et al. (1975) using
EXOSAT who detected an X-ray flare from the M4.5V star
YZ CMi. Since then, the physics of stellar flares has been
studied by many over the years and in the full energy range
from γ-rays to radio frequencies.
More recently, the Kepler mission allowed almost unin-
terrupted observations of stars lasting many months, or in
some cases years (Borucki et al. 2010). One particularly well
studied flare star was GJ 1243 (KIC 9726699) which showed
many flares especially when it was observed with a cadence
of 1 min (short cadence mode) (Ramsay et al. (2013), Haw-
ley et al. (2014)). This star has a spectral type of M4 making
it an interesting example of a star which is on the cusp of
having a fully convective core. Hawley et al. (2014) analysed
the Kepler data of GJ 1243 to identify classical and complex
flares, finding correlations between flare energy, amplitude,
duration and decay time. However, following the failure of
© 2017 The Authors
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two of Kepler’s gyroscopes, it was re-purposed as K2 (Howell
et al. 2014) observing targets along the ecliptic plane.
M dwarfs can show considerable amplitude variations in
their lightcurves which have been explained by the presence
of large dominant starspots on the surface moving in and
out of view as the star rotates. These amplitude variations
in brightness represent one way of determining the stars ro-
tation period and has produced accurate values of rotation
periods for thousands of low mass stars observed by Ke-
pler/K2. Using K2 data Stelzer et al. (2016) observed 134
M dwarfs and focused on the relation between magnetic ac-
tivity and stellar rotation. They found a difference between
slow and fast rotating M dwarfs where after a period of ap-
proximately 10 days there is an abrupt change in activity.
This would suggest a link between activity and rotation but,
with the majority of targets being observed in long cadence
(30min) mode, short duration flares could not be detected
leading to a bias against detecting short duration flares.
In solar physics the relationship between sunspots and
solar flaring activity has been studied for decades and it is
generally accepted that these two phenomena are closely re-
lated. Guo et al. (2014) carried out a statistical study on
the dependence of flares in relation to sunspots and rota-
tional phase in the 22nd and 23rd solar cycles. They found
the occurrence of X-class flares was in phase with the solar
cycle hence, flares closely follow the same 11 year cycle as
sunspots. Maehara et al. (2017) investigated the correlation
between starspots and superflares on solar-type stars using
Kepler observations and identified starspots based on the
rotational phase of the brightness minima in the lightcurve
showing superflares tend to originate from a larger starspot
area.
Despite the extensive work over the years, one area
which has not been investigated in depth is the rotational
phase distribution of flares in M dwarfs. If the analogy be-
tween the physics of solar and stellar flares holds and these
events occur from active regions which typically host spots,
then we would expect to see a correlation between starspots
and flare occurrence. A small number of stars have been
studied to determine whether there is a correlation between
stellar rotation phase and number of flares but so far noth-
ing has been found. Ramsay et al. (2013), Ramsay & Doyle
(2015), Hawley et al. (2014) and Lurie et al. (2015) examine
the phase distribution of the flares in a small sample of M
dwarf stars using Kepler/K2. Each of the stars show flares
at all rotational phases despite there being clear rotational
modulation present in their lightcurves. There was no evi-
dence for a correlation between rotational phase and number
of flares.
This poses the question; do flares show any preference
for rotational phase in M dwarfs in general? It is expected
that more flares would occur during the minimum of the
rotational modulation when the spot is most visible. If this
is not the case, then which mechanisms are responsible and
what is causing the generation of flares in these active stars?
In this paper we look at a sample of M dwarf stars which
have been observed in short cadence by K2. By analysing
the flare and stellar properties of this group of stars we aim
to address some of the questions surrounding the rotational
phase distribution of the flares.
2 KEPLER/K2
2.1 Overview
Kepler was launched in 2009 and studied the same 115
square degree patch of sky just north of the Galactic plane
for 4 years, providing extensive photometric data for over
100,000 stars (Koch et al. 2004). The data obtained by Ke-
pler has revolutionised the study of astrophysics especially
in the field of exoplanets where it is responsible for find-
ing the majority through the transit method. In addition,
Kepler data has also revolutionised the fields of Asteroseis-
mology, the number of stars with known rotation periods
and interacting binaries. Kepler also provided the means
to study stellar flares due to the high precision and length
of the lightcurves. Kepler can operate in two observation
modes, short cadence (SC) 1 minute exposure and long ca-
dence (LC) 30 minute exposure.
We began a study of late type flare stars towards the
end of the Kepler mission. However, this ended with the loss
of two of Kepler’s reaction wheels. New life was given to the
mission when it was re-purposed as K2 which began taking
observations in June 2014 where fields are observed along
the ecliptic for a duration of ∼ 70 - 80 days each (Howell
et al. 2014). This study of late type dwarfs using K2 SC
data will allow us to study the flare properties of these stars
in greater detail.
2.2 Data reparation
Because of the way K2 is pointed, the center of the stellar
point spread function typically moves by ∼1 pixel over the
course of 6 hrs (Van Cleve et al. 2016). Without applying
a photometric correction the resulting error on a lightcurve
can be considerably higher than for Kepler. For instance, for
stars in the 10–11 mag range, Kepler gave an rms of 18 parts
per million (ppm). For K2 the uncorrected rms is 170 ppm.
Amongst the first to provide readily available corrected data
were (Vanderburg & Johnson 2014) who were able to bring
the rms for 10–11 mag stars down to 31 ppm.
A number of other groups have developed software
which corrects for the instrumental effects which are present
in raw K2 data. Not all of these techniques are suitable for
SC mode data and some approaches can remove astrophys-
ical effects. We have used the corrected K2 data using the
EPIC Variability Extraction and Removal for Exoplanet Sci-
ence Targets (EVEREST) pipeline (Luger et al. 2016) in all but
one star in our sample. (For GJ 1224 observed in Field 9 we
obtained the SC lightcurve from Andrew Vandenburg).
Each photometric point has raw and corrected fluxes
and a ‘QUALITY’ flag. This is of particular importance when
trying to find events such as flares which could, in principal,
be mistaken for an instrumental effect. The EVEREST pipeline
keeps the original flag definitions which were used in Kepler,
but adds additional ‘bit values’. For instance, bits ‘23’ and
‘25’ could be detector anomalies but could also be events
such as eclipses or flares (Luger et al. 2016, 2017).
In searching for photometric variations longer than the
typical duration of flares, such as the stellar rotation pe-
riod, we were cautious and removed all events which did
not conform to QUALITY=0. When we searched for flares we
removed photometric points which were identified as bad in
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the Kepler Archive Manual1 and points corresponding to bit
values which were clearly identifying times when the space-
craft thruster was used such as bit value 20 and 21. We kept
points which had bit values 23 and 25.
3 OUR K2 LATE DWARF SAMPLE
To create our sample of stars we took all the sources observed
in short cadence with K2 in Fields 1–9 (observations made
between May 2014 and Jul 2016) and cross referenced them
with SIMBAD2, removing all stars which were not of spectral
type M0 or later. In addition, those stars classed as BY Dra
stars were removed from our sample since many of them
are in binaries or triples and are therefore, not conducive to
investigating stellar activity on single stars before and after
the M4 spectral sub-type. The remaining stars were then
cross referenced with the EPIC catalogue and those which
showed characteristics of a giant (e.g. have a radii >1R)
were also removed. Stars which were too faint to show a clear
detection in the K2 thumb print image were also removed
from our sample.
This left us with a sample of late dwarf stars observed
with K2 in short cadence mode, consisting of 33 M dwarfs
and one L dwarf. Of this sample of stars, 32 percent were
classed as known flare stars in the SIMBAD catalogue. They
range in spectral type and mass from M0 to L1 and 0.58M
to 0.08M. Each target has been observed for ∼70 – 80 days
producing a near continuous lightcurve over this period. The
significance of short cadence data is it allows flares with a
duration of a few minutes to be detected, giving a more com-
prehensive and robust overview of stellar activity. In addi-
tion, the wide range of spectral types provides a broader
insight into how magnetic activity can vary in M dwarfs as
a whole. The properties of the stars in our sample, includ-
ing spectral type, previously known rotation period, mass,
distance and magnitude are shown in Table 1.
4 ROTATION PERIOD
From our sample of 34 stars, only five have rotation periods
previously recorded in the literature, see Table 1. The two
most important factors in determining the level of activity
in a low mass star are age and rotation period. The rotation
period can be determined from low mass stars if they have
starspots whose rotation can produce a change in brightness
as the starspots are expected to be darker than the photo-
sphere (in the same way as sunspots). More recently Karoff
et al. (2018) compared the characteristics of the solar ana-
log star HD173701 with the Sun and found that metallicity
could also be important factor in setting activity levels. How
this results in a stronger dynamo is still unclear.
We first set out to determine or constrain the rotation
period from the K2 data. The method used to determine the
rotation period is initially through the Lomb-Scargle (LS)
periodogram. We define φ=0.0 as the rotational phase where
the flux is at a minimum and is first obtained by eye. For
1 https://archive.stsci.edu/kepler/manuals/archive_
manual.pdf
2 http://simbad.u-strasbg.fr/simbad
stars with a modulation period longer than 10 d we derive
the rotation period, Prot , from the LS periodogram and fold
the lightcurve to obtain a phase folded lightcurve. For stars
where Prot < 10 d, we are able to refine Prot , and the time
T0, which defines the first minimum, by phasing and folding
sections of the lightcurve taken from the start, middle and
end. This iterative procedure allows allows Prot and T0 to
be determined more accurately than the LS periodogram
alone. This gives us a mean folded lightcurve for our sample
and is used during the analysis of flaring activity on the
targets. The uncertainty on the rotation period is estimated
by determining the Full Width at Half Max (FWHM) of the
corresponding peak on the power spectrum.
We show the stellar rotation period derived for our sam-
ple using K2 data in Table 2: they range from 0.21 days to
greater than 70 days. There are six stars in our sample where
the amplitude modulation was incomplete and therefore it
was only possible to say the rotation period is greater than
the observation length, i.e. greater than 70 days. A further
two stars had no apparent modulation in their lightcurve
(possibly because they lack a large starspot). We find no
correlation between rotation period and spectral type. For
instance, stars with a rotation period less than 1 day have
spectral types in the range M0–M8.5. Other examples of
rapid rotation in late type active stars include the M7 dwarf
2MASS J0335+23 (Gizis et al. 2017) which has a very rapid
rotation period of 0.22 d, which is presumably due to its
young age (24 Myr). Gizis et al. (2017) find 22 flares in the
K2 lightcurve of 2MASS J0335+23 showing it is active.
Taking a sample of ∼12,000 main sequence stars ob-
served using Kepler, Nielsen et al. (2013) found M dwarfs
had a median period of 15.4 d, although with a considerable
spread in the overall distribution. Out of all of our stars only
a handful show rotation periods which are not in agreement
with the literature (compare column 7 in Table 1 with col-
umn 2 in Table 2). For some objects, the difference can be
substantial, for example, HG 7-26 (EPIC 210317378) had
a reported period of 0.192 days (Newton et al. 2016) com-
pared to 24.5 days as derived from the K2 data, (although
the source is also classed as a ‘Non detection or undeter-
mined detection’ in the catalogue of Newton et al. (2016)).
This underlines the need for a continuous sequence of pho-
tometric measurements, such as provided by K2, to reliably
determine rotation periods.
5 FLARE IDENTIFICATION
The flare identification process was completed using Flares
By EYE (FBEYE), a suite of IDL programs created by J.R.A.
Davenport (Davenport et al. 2014). FBEYE allows users to
manually classify flares present in the lightcurve via an in-
teractive display. We are therefore able to determine for each
flare the peak time, start time, end time, flux peak and
equivalent duration. The lightcurves which we used for this
process were complete, meaning all photometric points were
used regardless of their quality flag due to potential flaring
events having quality flags which are not zero. The EVEREST
quality flags and FBEYE flare list were then compared directly
to assess the likelihood of the flare being a real event. Any
photometric point with quality flags which were a result of
thruster firing or known instrumental effects were removed
MNRAS 000, 000–000 (2017)
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Table 1. The properties of the M stars which are included in our survey where all data comes from the K2 EPIC Catalog (Huber et al.
2016), with the exception of the following. References for spectra: [1] (Hawley et al. 1996), [2] (Reid et al. 2008), [3] (Reid et al. 2004);
[4] (Le´pine & Gaidos 2011); [5] (Kraus & Hillenbrand 2007), [6] (Schmidt et al. 2010), [7] (Gray et al. 2003); [8] (Davison et al. 2015);
[9] (Le´pine et al. 2013); [10] (Kirkpatrick et al. 1991); [11] (Faherty et al. 2009); [12] (Pesch 1968); [13] (Alonso-Floriano et al. 2015); [14]
(Stephenson 1986); [15] (Cruz & Reid 2002); [16] (Shkolnik et al. 2009).
Name EPIC K2 RA DEC SpT P M R Te f f log g
ID Field (J2000) (J2000) d M R (K) (cgs)
LHS 2420 201611969 1 11:31:32.845 +02:13:42.86 M2.5V [9] 0.319 0.301 3740 4.977
LP 804-27 205204563 2 16:12:41.781 –18:52:31.83 M3V [7] 0.445 0.391 3930 4.86
GJ 3954 205467732 2 16:26:48.160 –17:23:33.6 M4.5V 0.304 0.286 3772 4.995
IL Aqr 206019387 3 22:53:16.7 –14:15:49.3 M4V [1] 95 0.21 0.22 3472 5.07
LP 760-3 206050032 3 22:28:54.401 –13:25:17.86 M6.5V [10] 0.09 0.113 2617 5.271
2MASSI J2214-1319 206053352 3 22:14:50.707 –13:19:59.080 M7.5 [11] 0.078 0.098 2211 5.349
Wolf 1561 A 206262336 3 22:17:18.9 –08:48:12.5 M4V+M5V [1] 0.22 0.23 3495 5.06
HG 7-26 210317378 4 3:52:34.340 +11:15:38.807 M1 [12] 0.192 0.396 0.358 3788 4.917
NLTT 12593 210434433 4 4:07:54.80 +14:13:00.7 M2.5V [13] 1.073 0.424 0.382 3844 4.896
G 6-33 210460280 4 3:45:54.83 +14:42:52.1 M1.5 [9] 0.511 0.454 4028 4.821
LP 415-363 210489654 4 4:20:47.988 +15:14:09.073 M4V [13] 82.6 0.391 0.351 3751 4.917
MCC 428 210579749 4 3:43:45.247 +16:40:02.166 M0V [14] 0.504 0.449 3898 4.836
GJ 3225 210758829 4 03:26:45.0 +19:14:40.1 M4.5V [1] 0.454 0.13 0.15 3027 5.19
2MASS J0326+1919 210764183 4 03:26:44.5 +19:19:31.0 M8.5V [2] 0.08 0.10 2192 5.34
LP 414-108 210811310 4 04:10:38.1 +20:02:23.5 M0.5V+M0.5V [3] 0.43 0.37 3971 4.89
LP 357-206 210894955 4 3:55:36.90 +21:18:48.30 M5 [15] 7.916 0.240 0.248 3550 5.014
2MASSJ0335+2342 211046195 4 3:35:02.087 +23:42:35.61 M8.5V [16] 0.472 0.084 0.106 2432 5.310
LT Tau 211069418 4 03:42:56.5 +24:04:58.1 M3.5V [4] 0.32 0.30 3675 4.97
V497 Tau 211077349 4 03:42:02.9 +24:12:36.3 M3V [4] 0.44 0.40 3876 4.87
V692 Tau 211082433 4 03:56:30.4 +24:17:18.8 M4-5V [4] 0.26 0.26 3567 5.03
V631 Tau 211112686 4 03:44:24.8 +24:46:06.3 M1V [4] 3.27 0.37 0.34 3700 4.93
V* MY Tau 211117230 4 3:44:27.293 +24:50:38.26 M0 [16] 0.4 0.427 0.381 3811 4.894
2MASS J0831+1025 211329075 5 08:31:56.0 +10:25:41.7 M9V [2] 0.08 0.10 2209 5.34
GJ 3508 211642294 5 8:37:07.961 +15:07:45.5257 M3V [9] 0.427 0.385 3861 4.892
LP 426-35 211945363 5 08:57:15.4 +19:24:17.7 M5V [5] 0.35 0.32 3738 4.96
2MASS J0909+1940 211963497 5 09:09:48.2 +19:40:42.9 L1 [6] 0.08 0.10 2098 5.36
AX Cnc 211970427 5 08:39:09.9 +19:46:58.9 M2 [5] 4.854 0.45 0.41 3881 4.87
2MASS J0831+2024 212009427 5 08:31:29.9 +20:24:37.5 M0V [5] 1.55 0.58 0.51 4116 4.78
2MASS J0839+2044 212029094 5 08:39:18.1 +20:44:21.3 M1V [5] 0.34 0.32 3785 4.96
L 762-51 212285603 6 13:45:50.7 –17:58:05.6 M3.5V [1] 0.31 0.30 3646 4.99
LP 737-14 212518629 6 13:16:45.47 –12:20:20.4 M3.5V [13] 0.281 0.273 3577 5.005
BD-05 3740 212776174 6 13:38:58.7 –06:14:12.5 M0.5V [7] 0.45 0.40 3847 4.88
2MASSI J1332-0441 212826600 6 13:32:24.427 –4:41:12.690 M7.5 [6] 0.079 0.101 2264 5.328
GJ 1224 228162462 9 18:07:32.927 –15:57:46.46 M4V [8] 0.14
from further analysis. Any point which had a flag of EVEREST
bits 23 and 25 (which may have been due to cosmic rays or a
real stellar flares) were kept. Events which consisted of only
one photometric point were removed and events which did
not have profiles consistent with being a likely stellar flare
(i.e. sharp rise and exponential decay) were also removed.
The data for each star were analysed in a consistent
manner and for each star we show the number of flares, the
range in the duration and amplitude of the flares in Table
2. In addition, we have added the normalised flare num-
ber which represents the number of flares expected on each
star if the observation duration was 78.3 days. The duration
of each flare was calculated from the start and stop times
and the amplitude represents the flux peak of each flare
all which were obtained from the output of FBEYE. Sources
2MASS J0831+1025, 2MASS J0909+1940 and L 762-51 did
not show any flares and were omitted from Table 2 – these
sources did also not show complete rotational cycles and so
the rotational periods could not be determined.
We show some examples of flares from GJ 3225 (EPIC
210758829) in Figure 1. Of particular interest is the largest
flare from this star with a normalised flux peak of 4.32
(equivalent of 1.6 mag), where a rapid rise (approximately
1 min) and clear slow decay (approximately 10 min) can be
seen which, is similar to a classical stellar flare profile.
It is expected to find greater flare activity on stars with
shorter rotation periods. This is the case with this particu-
lar sample of M dwarfs (Figure 2), however, the star with
the most flares does not have the fastest rotation. After a
rotation period of approximately 10 days there is a drop off
in the number of flares seen on the star, which is consistent
with the findings of Stelzer et al. (2016). In order to create a
complete picture of this sample of M dwarfs the ages of the
stars would need to be determined, as although the activity
of the stars depends on rotation, this in turn depends on
age.
6 FLARE ENERGIES
To determine the energy of the stellar flares, the quiescent
luminosity of the star, L∗, must be calculated in the Kepler
bandpass. To construct a template spectral energy distri-
bution for each star we used PanStarrs magnitudes g, r, i
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Table 2. For the stars in our survey which show flaring activity we indicate their observed rotation period; the number of flares together
with their duration, amplitude and energy. Since the length of each observation differs by a small amount, we have included a normalised
flare number which is the number of flares expected on each star if the observation duration was 78.3 d.
EPIC ID Rotation Period (Prot ) No. of flares Normalised Flare No. Duration Range Amplitude Range log(EKp )
days minutes Flux – ergs
201611969 > 70 15 14.33 11.8 – 35.3 0.0009 – 0.0095 31.17 – 32.18
205204563 42: 5 4.72 8.83 – 20.6 0.0003 – 0.0030 29.12 – 31.05
205467732 1.321 ± 0.021 221 205.35 8.83 – 91.2 0.0003 - 1.3694 30.60 – 33.49
206019387 > 70 47 39.27 10.8 – 81.4 0.0004 – 0.0151 30.01 – 31.77
206050032 > 70 17 14.21 10.8 – 32.4 0.0274 – 0.6937 31.25 – 32.52
206053352 – 8 6.78 11.8 – 30.4 0.2254 – 6.7031 31.19 – 32.27
206262336 9.6 ± 1.2 237 194.73 8.78 – 46.1 0.0018 – 1.2462 29.45 – 33.06
210317378 24.5: 7 6.06 12.8 – 21.6 0.0069 – 0.0582 31.39 – 32.28
210434433 47: 4 3.49 14.7 – 24.5 0.0041 – 0.0207 31.02 – 32.11
210460280 45: 1 0.87 29.42 0.0024 31.47
210489654 > 80 24 20.90 10.8 – 39.2 0.0037 – 0.0632 31.06 – 32.28
210579749 23: 4 3.43 12.8 – 42.2 0.0014 – 0.0027 31.37 – 31.95
210758829 0.4539 ± 0.0027 197 170.68 8.78 – 106 0.0023 – 4.3192 30.09 – 33.46
210764183 0.966 ± 0.011 10 8.77 8.78 – 45.9 0.2365 – 5.1922 31.95 –
210811310 33: 2 1.75 10.8 0.0013 – 0.0028 30.88 – 31.16
210894955 0.726 ± 0.006 18 15.81 10.8 – 30.4 0.0455 – 2.3884 30.65 – 32.58
211046195 0.2185 ± 0.0006 16 14.02 0.98 – 2888 0.0437 – 4.5665 31.15 – 34.57
211069418 0.8177 ± 0.0086 104 90.48 8.78 – 63.8 0.0101 – 0.4138 31.65 – 33.81
211077349 0.6992 ± 0.0061 64 55.75 8.78 – 75.6 0.0142 – 3.8455 31.69 – 34.77
211082433 0.3447 ± 0.0015 123 107.23 8.78 – 71.6 0.0097 – 0.4683 31.17 – 33.51
211112686 0.7639 ± 0.0073 53 46.34 8.78 – 94.0 0.0103 – 0.4311 31.99 – 34.24
211117230 0.398 ± 0.002 38 32.72 8.83 – 76.5 0.0045 – 0.2136 32.08 – 34.28
211642294 52: 5 4.49 20.6 – 103 0.0023 – 0.0196 31.15 – 34.42
211945363 > 70 8 7.39 10.8 – 31.2 0.0025 – 0.0231 31.19 – 31.98
211970427 4.38 ± 0.24 51 47.31 8.78 – 64.8 0.0101 – 0.3572 32.04 – 34.09
212009427 1.556 ± 0.029 75 69.34 8.78 – 76.5 0.0068 – 0.0967 32.14 – 34.29
212029094 20.22 ± 5.03 3 2.78 14.7 – 22.5 0.0019 – 0.0087 31.19 – 31.66
212518629 80: 1 0.96 27.46 0.0106 31.46
212776174 18.35 ± 5.03 7 6.58 10.8 – 20.6 0.0007 – 0.0038 31.21 – 31.99
212826600 – 7 6.79 12.8 – 41.2 0.0015 – 0.8707 32.15 – 33.31
228162462 3.9 ± 0.2 424 355.31 8.78 – 165 0.0015 – 0.8707 29.32 – 32.74
Notes. For a handful of sources the apparent modulation period is longer than the observation length meaning only an lower limit to the rotation period
could be determined. For stars with no evidence for a modulation no rotation period could be determined.
and z (see Table A1). The PanStarrs magnitudes (Cham-
bers et al. 2016) represent the mean quiescent magnitude
of the star calculated over an average of multiple measure-
ments. This ensures the effects of flares or rotation has been
removed from the magnitudes. We fitted a polynomial to the
Panstarrs data and determined the flux in the Kepler band-
pass in the same manner as Kowalski et al. (2013). The qui-
escent luminosity is then computed by multiplying the flux
by 4pid2, where the distance (d) to the stars are have been
determined by inverting the parallax from the Gaia Data 2
release (Gaia Collaboration et al. 2016, 2018), (see Table 3).
We also used the Bayesian analysis approach as described
by Astraatmadja & Bailer-Jones (2016) and implemented in
the STILTS suite of software (Taylor 2006), and find that, as
expected for sources within 200 pc, the distances and errors
determined using the inversion and the Bayesian approach
are entirely consistent.
The energy of the flares, Eflare, can then be determined
by the multiplication of the luminosity of the star, L∗, in
erg/s and the equivalent duration, t, in seconds. The equiv-
alent duration (Gershberg 1972) is defined as the area under
the flare lightcurve in units of seconds, which is different to
the flare duration, and is obtained through the FBEYE suite of
programs. FBEYE uses a Trapezoidal summation of the area
under the flare lightcurve which is converted into seconds.
A wide range of flare energies are seen in the 31 flaring
M dwarfs. The most energetic flare is observed in V497 Tau
at ∼ 5.9 × 1034 erg and the flare with the lowest energy at
∼ 1.3 × 1029 erg is seen in IL Aqr. The range of energies
seen in the sample are comparable to energies seen in other
work similar to this. Using Kepler data, Hawley et al. (2014)
showed flares with energies in the range of ∼ 2×1028−2×1033
erg on the M dwarf GJ 1243. Other stars in their sample
were consistent with this but less extreme. In addition, Lurie
et al. (2015) investigated the M5 binary system GJ 1245
also using 9 months of short cadence Kepler data, finding
a total of 1288 flares on both stars with an energy range of
∼ 1×1030−1×1033 erg. For comparison, these large scale flares
of order of 1034 erg are the equivalent to extremely large X-
class flares, in terms of the solar flare GOES classification.
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Figure 1. A sample of flares of varying magnitude from the flare star GJ 3225 (EPIC 210758829) a M4.5 star with a rotation period of
0.45 days. The top plot shows a small section of the lightcurve of the star demonstrating the frequency of the flares and also the range
in magnitude. Far right is the largest flare seen in the K2 lightcurve of this star with a peak normalised flux of 4.32. The bottom two
plots show smaller amplitude, short duration flares which dominate the lightcurve.
In Table 4 we note the median energy of the flares for each
star.
7 ROTATIONAL PHASE
Stars with starspots can show a periodic change in bright-
ness as the stars rotates due to the starspots being cooler
than the surrounding photosphere. If stellar flares originate
from the starspot, one might naively expect more flares
would be seen at rotation minimum where the starspot is
most visible. However, if a star has a low rotation angle (i.e.
one of its rotation poles is close to being face on), spots near
the pole would be visible at all phases, and flares would be
seen at all rotation phases. To investigate this further, we
now set out to determine the rotation phase of the flares we
identified in the previous section.
For this analysis, stars with rotation periods shorter
than the observation length were selected. Due to this, eight
of the sources are omitted from this analysis and any further
investigations due to the K2 lightcurve showing incomplete
modulation which lead to the rotation period being unable
to be confirmed. We phase folded and binned the lightcurves
using the rotation period shown in Table 2 and the phase
zero calculated previously, yielding rotation cycles covering
all of the K2 lightcurve showing a minimum at φ=0.0. We
show the resulting phase folded and binned lightcurves in
Figure B1. Flares are present at practically all rotational
phases for all stars. In many cases there are high energy
flares present at rotation maximum, where we would expect
the starspot to be least visible. Many of the lightcurves show
a roughly sinusoidal modulation suggesting the presence of
one prominent starspot, although several sources, such as
Wolf 1561 A (which is in a triple system) show evidence for
a second starspot. The fact that all the stars shown in Figure
B1 show a clear modulation suggests we are not observing
them at low rotation angles.
In order to determine whether the phase distribution of
the flares is random we used the χ2 statistic. Flares were
split up into high and low energy with a cut-off determined
by the median energy of all flares from each star. In ad-
dition, the rotational phase was split into 10 bins and χ2
was determined for each star in the low, high and all energy
categories, where the degrees of freedom, ν, is 9. Table 4
shows the results for both high and low energy flares and
also all flares in each star overall. Regarding low, high and
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Table 3. Parallaxes along with their associated errors from Gaia Data release 2 (Gaia Collaboration et al. 2016, 2018) which are then
inverted to calculate the distances to the stars in our sample. The errors on the quiescent luminosity includes the error on the distance
and the PanStarrs magnitude. Three of our stars did not have parallaxes in the Gaia DR2 catalogue and so these distances were taken
from the EPIC Catalogue (Huber et al. 2016) and marked with an asterisk.
Name Parallax Parallax Error Distance log(Lst ar )
mas mas pc erg/s
201611969 35.48 0.06 28.18 ± 0.04 31.679 ± 0.006
205204563 68.78 0.12 14.54 ± 0.03 31.266 ± 0.007
205467732 – – 28.3* 30.88
206019387 213.87 0.08 4.676± 0.002 30.864 ± 0.001
206050032 91.89 0.09 10.88 ± 0.01 30.564 ± 0.004
206053352 25.3 0.2 39.47 ± 0.31 29.261 ± 0.032
206262336 89.20 0.13 11.21 ± 0.02 30.385 ± 0.006
210317378 28.59 0.06 34.97 ± 0.08 31.119 ± 0.009
210434433 32.36 0.06 30.90 ± 0.06 31.188 ± 0.008
210460280 27.61 0.04 36.22 ± 0.06 31.389 ± 0.006
210489654 34.72 0.15 28.80 ± 0.12 31.011 ± 0.016
210579749 58.01 0.05 17.24 ± 0.01 31.661 ± 0.003
210758829 55.20 0.09 18.12 ± 0.03 30.330 ± 0.007
210764183 34.12 0.42 29.31 ± 0.36 28.936 ± 0.049
210811310 19.07 0.04 52.45 ± 0.12 31.477 ± 0.009
210894955 34.69 0.13 28.83 ± 0.11 29.763 ± 0.015
211046195 19.53 0.15 51.21 ± 0.40 29.988 ± 0.032
211069418 8.13 0.65 122.9 ± 9.9 31.355 ± 0.321
211077349 7.34 0.07 136.3 ± 1.3 31.306 ± 0.038
211082433 12.62 0.17 79.24 ± 1.09 31.131 ± 0.055
211112686 7.47 0.05 133.9 ± 0.9 31.623 ± 0.028
211117230 7.58 0.05 131.9 ± 0.9 32.016 ± 0.027
211642294 56.10 0.06 17.82 ± 0.02 31.307 ± 0.004
211945363 – – 37.7* 31.41
211970427 5.28 0.15 189.3 ± 5.4 31.721 ± 0.113
212009427 5.43 0.04 184.2 ± 1.2 32.083 ± 0.026
212029094 5.39 0.06 185.3 ± 2.1 31.513 ± 0.045
212518629 45.5 1.2 21.98 ± 0.58 30.832 ± 0.105
212776174 41.31 0.05 24.21 ± 0.03 32.022 ± 0.005
212826600 – – 109* 30.49
228162462 125.59 0.07 7.962± 0.004 30.156 ± 0.002
all flare categories, none of the stars show a preference for
rotational phase even at a 2σ confidence level. Therefore,
there is no evidence for the flares having any preference for
rotational phase, which surprisingly indicates many flares
may not originate from the large starspot. We now go on to
investigate possible causes for this.
8 DISCUSSION
We have analysed flaring activity from a sample of 31 M
dwarfs covering a range of spectral types using K2 short
cadence data. We derived (or placed lower limits on) the ro-
tation periods of 29 of these stars using the K2 lightcurves,
many for the first time. In addition to this we used the flare
characteristics (energy, duration and phase of the rotation
cycle) to compute a statistical analysis of flares of this sam-
ple.
It is known, from previous studies (e.g. Mohanty &
Basri 2003; McLean et al. 2012), that faster rotating stars
show greater flaring activity. Moreover, activity drops for
stars with rotation periods > 10 days (Stelzer et al. 2016).
Our findings are consistent with these results. However, our
work has identified an area which has not previously been
studied in great detail. If flares originate from the same
starspot which causes the rotational modulation, we would
expect to observe a clear correlation of flares with rotational
phases: this is not what we observe. None of the stars in our
sample show evidence for flares being preferentially seen at
certain rotation phases. This result is unexpected and seems
to point to the conclusion that the majority of flares do not
originate from the prominent starspot.
Where do flares originate on these active stars and how
are they generated? We consider three possible scenarios.
Firstly, there is the potential of magnetic interaction with
a second star in a binary system. It is possible for interac-
tions between the M dwarf and a binary companion causing
increased magnetic activity between the stars and in turn
the generation of flares at locations other than a dominant
starspot. As summarised by Kouwenhoven et al. (2009), 30–
40 % of M dwarfs are members of a binary system. For late
M dwarfs and brown dwarfs this drops to 10 - 30 %. This
suggests less than a dozen of our sample will be in a binary
system and hence binarity is unlikely to play a prominent
role in resolving this question.
Our second scenario is that magnetic interaction could
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Figure 2. The number of flares as a function of the rotation pe-
riod for all stars showing flaring activity. As other studies have
found, stars with rotation periods longer than ∼10 d are less ac-
tive. The most active star is GJ 1224, Prot =3.9 d. There are six
sources to the very right hand side which represent the stars with
rotation periods > 70 d.
Table 4. For the stars shown in Figure B1 (with the exception of
EPIC 210460280 which has only one flare) we show the χ2ν value
for whether each rotation phase bin (split into ten) had flares
which were randomly distributed by phase. We split the flares
into low and high energy where the cut off is determined by the
median energy of all the flares for each star. None of the stars
in our sample show a preference for flares at a certain rotational
phase.
EPIC
median energy Reduced Chi-Squared
(erg) low high all
205204563 9.5 ×1030 0.78 2.00 1.00
205467732 2.3 ×1031 1.17 1.17 0.55
206262336 6.5 ×1030 0.92 1.13 0.61
210317378 6.2 ×1031 0.78 1.22 0.97
210434433 4.9 ×1031 0.89 0.89 1.22
210579749 3.9 ×1031 0.89 0.89 0.67
210758829 6.7 ×1030 1.14 0.30 0.62
210764183 2.3 ×1031 1.44 1.00 1.11
210811310 1.1 ×1031 1.00 1.00 2.00
210894955 1.9 ×1031 1.10 1.35 0.47
211046195 3.7 ×1032 0.33 0.78 0.78
211069418 1.8 ×1032 0.93 1.33 0.65
211077349 3.1 ×1032 0.82 0.82 1.15
211082433 1.2 ×1032 1.11 0.39 0.72
211112686 4.8 ×1032 0.58 1.21 1.18
211117230 1.9 ×1033 0.87 0.99 0.69
211642294 8.6 ×1031 0.78 0.89 1.00
211970427 5.5 ×1032 0.82 0.82 1.24
212009427 7.8 ×1032 0.54 0.81 0.33
212029094 2.5 ×1031 1.00 0.89 1.52
212776174 4.3 ×1031 1.22 0.78 0.97
228162462 4.6 ×1030 0.83 0.48 0.94
occur with a planet orbiting the M dwarf. Dressing & Char-
bonneau (2015) present an updated occurrence rate for plan-
ets orbiting early M dwarfs as 2.5 planets per M dwarf star.
Depending on the number of planets orbiting the host star
(and the mass, radius and magnetic field of the planet), it
could be induced magnetic activity between the star-planet
system which causes the increased flaring activity. However,
both the first and second scenario would depend on a small
separation between the orbiting star or planet to allow for
any magnetic interaction.
We now consider the likely separation between the pho-
tosphere of the M dwarf and the magnetic interaction re-
gion. In the multi-scale field scenario of Yadav et al. (2015),
only the large scale field (lower order multiple) would in-
teract with any orbiting planets and the location of any
‘null points’ (where the global topology of the magnetic
field changes) would be in a transitional region where the
long range dipole field becomes weaker than the quadrupole
(higher order) field. As the null point induced by the planet
is also associated with the dipole field it cannot be too close
to the stellar surface. Moreover, this kind of null point would
not be associated with the dominant stellar spot (which is
not created by the dipole field component). Furthermore,
the reconnection region would not easily be eclipsed by the
star so, it is natural that we do not see any correlation with
the phases and the flares.
A third possibility is the presence of polar spots on the
M dwarf. Depending on the viewing geometry and the rela-
tive inclination of the rotational and magnetic moment axes
of the star, polar spots could be seen at all phases, inter-
acting with emerging active regions and spot free regions as
the star rotates, causing continuously visible flaring activ-
ity. The Sun does not posses polar spots, so the presence of
polar spots on M dwarfs would support the view that the
generation of the magnetic field in these stars differs from
than of the Sun.
Despite the absence of polar spots on the Sun, Schrijver
& Title (2001) model the formation of polar spots on rapidly
rotating (6 d) Sun-like stars due to the poleward migration of
the magnetic field. Their models predicted very active stars
possessing polar caps with topologies of one polarity encir-
cling another. This magnetic configuration could generate
very large filaments, flares and Coronal Mass Ejections. De-
spite the differences between rapidly rotating Sun-like stars
and fully convective low mass stars, the work of Schrijver
& Title (2001) highlighted that a global poloidal field and
a shear underneath/next to it in a perpendicular direction,
a local dynamo can occur. Hence, this could lead to flare
activity.
We now go on to consider the formation of polar spots
on fully convective low mass stars. Yadav et al. (2015) inves-
tigated the conditions necessary for formation of polar spots
in convection driven dynamos. This directly applies to many
stars in our sample as they are fully convective, and a mag-
netic field driven by the α2 dynamo mechanism. As a result
of their parameter study, they determine three key features
for large spot formation in fully convective stars: i) rotation
driven convection, ii) many scale heights in the convection
zone, iii) a dynamo producing an axial-dipole field. All of
our stars posses these properties and so, could this be the
solution to the key problem noticed in the rotational phase
of the flares?
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Yadav et al. (2015) also show a self-consistent dis-
tributed dynamo can spontaneously generate high-latitude
dark spots when a large-scale magnetic field, generated in
the bulk of the convection zone, interacts with and locally
quenches flow near the surface. This is similar to findings
reported by Schrijver & Title (2001), who explored the mi-
gration of surface magnetic fields towards the poles. Rapid
rotation is vital for the formation of such dark polar spots.
However, if there is a global polaroidal field and a shear
underneath/next to it in a perpendicular direction, a local
dynamo can occur.
Such flare activity from the polar regions could be
caused by large-scale 2D vortices within the poloidal fields
which thread through the temperature inversion layer (in the
polar regions) acting in a similar way to charged particles
when they experience a force across the field lines perpen-
dicular to their motion. When such 2D vortices are formed
they may wind up the field line with them and when these
eddies encounter the rim of the polar cap, (whose axis is not
aligned with the rotation axis of the star), magnetic recon-
nection may occur generating flares.
We have outlined three scenarios to explain the lack of
rotational phase preference for flares in our M dwarf sam-
ple. In order to test our theories further we would need to
compare results from stars with low and high inclination.
Davenport et al. (2015) and Silverberg et al. (2016) reported
observations of GJ 1243 which has a high rotation inclina-
tion and a high latitude spot. With many thousands of flares
being detected, no correlation with its 0.59 day rotational
period was found. A sample of stars with well defined incli-
nation values is the next step in allowing us to distinguish
between the three scenarios to explain our main result.
9 CONCLUSIONS
Previous observations of activity levels in fast and slow rota-
tors suggest a rotation-dependent transition in the magnetic
properties of the atmosphere of M dwarfs, where the tran-
sition corresponds to approximately 10 days. Using K2 SC
observations of a sample of 34 M dwarfs, we have found an
interesting result. There is no correlation between the rota-
tion phase and the number of flares. Given these stars all
show significant rotational modulation amplitude due to a
starspot, this is a surprise.
New wide field surveys which are red sensitive will be
suited to exploring these issues in greater detail and with
larger sample sizes. For instance, the New Generation Tran-
sit Survey (NGTS) (Wheatley et al. 2017) has a field of view
of 96 square degree and is red sensitive. Although its prime
goal is the detection of Neptune and super-Earth size exo-
planets it will obtain long duration lightcurves of many red
dwarfs. The Transiting Exoplanet Survey Satellite (TESS)
(Ricker et al. 2015) was launched on the 18th April 2018.
TESS will be sensitive to stars brighter than V ∼12 and will
have 27 day observation blocks covering 24◦×96◦ of sky with
a cadence of 1 min for many objects. It will therefore be suit-
able to address our key questions. Furthermore, TESS will
provide photometric precision which is one order of mag-
nitude greater than Kepler/K2, therefore, allowing a better
evaluation of the low-energy part of the flare frequency/flare
energy distribution.
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Table A1. For all the stars in our sample we present the corresponding PanStarrs magnitudes (Chambers et al. 2016) in the g, r i, and z
bands with errors which are also taken from the PanStarrs catalogue. These magnitudes are used to create a template spectrum of each
star and used in the calculation of the quiescent Kepler luminosity.
Name EPIC ID g r i z
LHS 2420 201611969 13.0682 ± 0.0010 11.7446 ± 0.0010 10.0773 10.6904 ± 0.1852
LP 804-27 205204563 12.2986 ± 0.0010 11.0668 ± 0.1391 9.8560 ± 0.1723 9.0415 ± 0.0378
GJ 3954 205467732 15.0310 ± 0.0034 13.7505 ± 0.0029 12.2592 ± 0.3998 11.1509 ± 0.0210
IL Aqr 206019387 11.0744 ± 0.0150 8.9746 ± 0.0692 8.4762 ± 0.0394 8.1422 ± 0.2303
LP 760-3 206050032 12.2150 11.5380 11.2720 11.1370
2MASSI J2214-1319 206053352 20.8604 ± 0.0406 19.4495 ± 0.0081 16.9408 ± 0.0041 15.7102 ± 0.0042
Wolf 1561 A 206262336 14.2094 ± 0.0001 13.5603 ± 0.0784 11.3962 ± 0.0352 10.4803 ± 0.0635
HG 7-26 210317378 14.3808 ± 0.0065 13.2037 ± 0.0107 12.1530 ± 0.0701 11.4553 ± 0.0371
NLTT 12593 210434433 13.6522 ± 0.0005 12.3198 ± 0.0010 11.9320 10.7620 ± 0.0397
G 6-33 210460280 12.5168 ± 0.0055 11.6516 ± 0.0404 12.2169 ± 0.0385 11.8217 ± 0.0991
LP 415-363 210489654 14.4373 ± 0.0057 13.3156 ± 0.0037 11.8085 ± 0.0385 13.3588 ± 0.0012
MCC 428 210579749 11.2964 ± 0.0520 10.0182 ± 0.0124 9.3745 ± 0.2068 8.5127 ± 0.0229
GJ 3225 210758829 15.5532 ± 0.0024 14.2847 ± 0.0037 12.5702 ± 0.0183 11.9246 ± 0.1065
2MASS J0326+1919 210764183 21.4785 ± 0.1072 19.7707 ± 0.0250 17.1323 ± 0.0032 15.7071 ± 0.0027
LP 414-108 210811310 13.7311 ± 0.0100 12.5716 ± 0.0599 12.3544 ± 0.1876 12.2010 ± 0.3246
LP 357-206 210894955 18.4372 ± 0.0077 17.1264 ± 0.0034 14.9935 ± 0.0013 14.0026 ± 0.0041
2MASS J0335+2342 211046195 19.5600 ± 0.0100 18.2366 ± 0.0054 15.6818 ± 0.0029 14.4760 ± 0.0047
LT Tau 211069418 16.8460 ± 0.0065 15.6460 ± 0.0035 14.2525 ± 0.0012 13.3161 ± 0.0017
V497 Tau 211077349 17.0385 ± 0.0053 15.7580 ± 0.0126 14.5928 ± 0.0049 14.0379 ± 0.0036
V692 Tau 211082433 16.7380 ± 0.0118 15.5423 ± 0.0052 13.8039 ± 0.0004 12.8970
V631 Tau 211112686 15.9072 ± 0.0060 14.7119 ± 0.0089 13.8246 ± 0.0100 13.3578 ± 0.0050
V* MY Tau 211117230 14.6712 ± 0.0068 13.5257 ± 0.0010 12.8800 12.4340
GJ 3508 211642294 12.3840 ± 0.0010 11.7487 ± 0.0461 10.0195 ± 0.0502 11.4547 ± 0.0000
LP 426-35 211945363 14.0742 ± 0.0024 13.3732 ± 0.4861 11.3541 ± 0.0010 11.9661 ± 0.0010
AX Cnc 211970427 16.6625 ± 0.0041 15.4590 ± 0.0008 14.2677 ± 0.0010 13.7382 ± 0.0034
2MASS J0831+2024 212009427 15.3423 ± 0.0041 14.1807 ± 0.0014 13.3870 13.0250 ± 0.0079
2MASS J0839+2044 212029094 17.0009 ± 0.0051 15.7975 ± 0.0017 14.7718 ± 0.0023 14.3082 ± 0.0030
LP 737-14 212518629 14.3029 ± 0.0051 13.0944 ± 0.0010 11.7148 ± 0.0400 12.1497 ± 0.0010
BD-05 3740 212776174 11.4172 ± 0.0406 9.2114 ± 0.0875 9.3707 ± 0.0523 9.1667 ± 0.0487
2MASSI J1332-0441 212826600 20.2436 ± 0.0221 18.7220 ± 0.0132 16.0798 ± 0.0023 14.7831 ± 0.0025
GJ 1224 228162462 14.1926 ± 0.0010 13.0493 ± 0.0098 11.1694 ± 0.0134 10.8942
APPENDIX B: LIGHTCURVES
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Figure B1. In the top panels we show the lightcurves of each star phased and binned on the rotation period such that there are 50 bins
per rotation phase. In the bottom panels we show the phase of the flares with the energy. For each star we plot the data twice so they
cover rotation phase 0.0–2.0 where 1.0–2.0 is simply a repeat of 0.0–1.0. The star shown in panel (a) shows three rotation cycles with a
long term trend and the variation may indicate significant cycle to cycle variability.
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Figure B1. (Cont.) In the top panels we show the lightcurves of each star phased and binned on the rotation period such that there
are 50 bins per rotation phase. In the bottom panels we show the phase of the flares with the energy. For each star we plot the data
twice so they cover rotation phase 0.0–2.0 where 1.0–2.0 is simply a repeat of 0.0–1.0.
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